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1 Introduction	
 
As part of an FY18 U.S. Department of Energy (DOE) Gateway for Accelerated Innovation in 
Nuclear (GAIN) award, a CRADA agreement was established between Argonne National 
Laboratory (Argonne) and Oklo. The CRADA focused on the following three tasks to assist Oklo 
with the regulatory licensing of their innovative nuclear reactor design: 
 

• Task 1 – Coupling and Demonstration Analysis using The Nek5000, Diablo, and 
OpenMC Codes: Establishing a coupling between the neutronic, structural, and thermo-
hydraulic analysis codes and utilizing the code package for a high-fidelity demonstration 
analysis of radial core expansion due to temperature changes and its impact on core 
reactivity.  

• Task 2 – Mechanistic Source Term Analysis: Performing a realistic evaluation of the 
potential release of radionuclides to the environment during postulated transient event 
sequences. 

• Task 3 – Data in Support of Metal Fuel Qualification: An assessment of past post-
irradiation examination data of metal fuel utilized in the Argonne EBR-II reactor to assist 
in the potential qualification of the fuel typer for regulatory licensing.  

 
The details regarding each analysis and the associated conclusions were provided to Oklo in three 
separate project reports. Due to the utilization of proprietary and export controlled information, 
the current summary report was created, which provides an uncontrolled overview of each of the 
three tasks.  
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2 Task	1:	Nek5000,	Diablo,	and	OpenMC	Coupling	
 
The first task of the Argonne/Oklo CRADA centered on coupling the OpenMC, Nek5000, and 
Diablo codes for a demonstration multi-physics simulation of radial core expansion. In general, 
radial core expansion is caused by the motion of fuel assemblies in response to thermal expansion 
during temperature changes in the core, which then impacts core reactivity. Therefore, the core 
restraint system must be carefully designed to ensure that the radial core expansion induces a 
negative reactivity response and aids in the return of the reactor to a safe operating condition. The 
desired OpenMC/Nek5000/Diablo toolkit is a multi-physics software package that couples 
neutronics, computational fluid dynamics, and structural mechanics, allowing for direct modeling 
of radial and axial core expansion that could previously only be estimated indirectly.  
 
The code integration was based on the Simulation-based High-efficiency Advanced Reactor 
Prototyping (SHARP) toolkit which was developed by the Nuclear Energy Advanced Modeling 
and Simulation (NEAMS) Campaign, with the inclusion of OpenMC, which is a Monte Carlo 
(MC) neutronics solver. A new coupling strategy was developed for the integration between 
SHARP and OpenMC, as SHARP is a mesh-based toolkit while OpenMC uses Constructive Solid 
Geometry (CSG) method.  
 
As a demonstration of the coupled toolkit, a radial expansion analysis was performed using an 
example, simplified core geometry called SAHEX, which consists of a single hexagonal assembly 
containing six fuel pins with cladding and one central “control” rod. The configuration of the 
model is shown in Figure 2-1.  
 

 
Figure	2-1:	Configuration	of	SAHEX	

 
The code coupling approach included multiple steps, as outlined in Figure 2-2. As part of the 
demonstration analysis, sensitivity analyses were performed at each step to ensure accuracy and 
convergence. An example of a sensitivity study, examining mesh density, found that the results 
were most sensitive to mesh density in the z-direction, which had to be refined to ensure accurate 
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rod deformation results. Additional sensitivity studies assessed mesh resolution, isotope 
composition, and batch and particle number.    
 

 
Figure	2-2:	Schematic	of	Coupling	Approach	between	SHARP	and	OpenMC	

 
The proposed workflow was demonstrated to be feasible in the performance of multi-physics 
simulations. The SAHEX problem was assessed with both the SHARP (PROTEUS, Nek5000, 
Diablo) toolkit and the new package (OpenMC, Nek5000, Diablo). Good agreement was found 
between the two toolkits for the prediction of the reactivity feedback due to radial expansion. Due 
to the basic methodology difference between SHARP and OpenMC (i.e., mesh-based vs. CSG), 
there is a potential for the introduction of error during data transfer. Analyst effort is necessary to 
perform the required simplifications to reduce error. Although it is difficult to develop a generic 
approach that is applicable to all potential problems, the methodology utilized for the 
demonstration analysis serves as a beneficial reference point and experience for future studies.  
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3 Task	2:	Mechanistic	Source	Term	Analysis	
 
Recently, Argonne performed several studies regarding the development of mechanistic source 
term (MST) analyses for metal fuel sodium fast reactors (SFRs). An MST is a realistic assessment 
of the release and transport of radionuclides from the core fuel through the reactor system and 
potentially to the environment during transient event sequences. These studies examined 
radionuclide behavior within the fuel [1], radionuclide transport/retention phenomena [2], and a 
trial MST analysis was performed utilizing currently available tools and models [3]. The findings 
of these studies also resulted in the development of a new Argonne MST analysis code [4], 
described in the following subsection.  
 
Although the Oklo reactor design is not an SFR, there are similarities in the MST analysis due to 
the potential use of metal fuel, which is a central factor in the determination of radionuclide 
release during transient event sequences. An MST analysis was performed for a proposed version 
of the Oklo reactor design utilizing the Argonne Simplified Radionuclide Transport (SRT) code 
[5]. An overview of the MST analysis and several sensitivity assessments is provided here, as 
details of the reactor design, analysis assumptions, and results are not included due to proprietary 
restrictions.  
 
The Argonne SRT code models the release, transport, and retention of radionuclides in SFRs and 
microreactor systems. As shown in Figure 3-1, SRT does not model the transient behavior of the 
reactor but utilizes the results of system analysis codes or postulated reactor conditions from the 
analyst. Using this information, SRT assesses multiple radionuclide behavior phenomena, 
including the migration of radionuclides within the fuel elements during irradiation, the release of 
radionuclides from the fuel during cladding failure, radionuclide transport within the reactor 
vessel and containment, and potential release to the environment and offsite dose. 
 

 
Figure	3-1:	SRT	Microreactor	Source	Term	Analysis	Overview	[5]	
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Multiple SRT analyses were performed to examine potential transient event sequences and assess 
the importance of particular phenomena or parameters. SRT is purposefully designed to conduct 
sensitivity and uncertainty analyses, which aided in the identification of high impact variables. 
Once identified, additional analyses were performed to examine the data available to support the 
use of the modeling choices and input parameters. Sensitivity analyses also examined offsite dose 
modeling tools, including a comparison of a simplified !/# dispersion analysis and a detailed 
analysis performed with WinMACCS [6]. HSC Chemistry [7] calculations were utilized to 
support assumptions regarding the chemical and physical state of radionuclides during different 
phases of the transport process.  
 
The use of the SRT code, in conjunction with supporting analyses, was able to examine the 
transport and retention of radionuclides for the possible Oklo reactor design during postulated 
transient event sequences. The results of the analyses not only give insight into the potential 
offsite dose values and their acceptability for regulatory licensing but also the identification of 
important phenomena and parameters. The latter of which is important to ensure that there is 
adequate confidence in the modeling choices and selected variable values to justify their use for 
licensing calculations. 
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4 Task	3:	Metal	Fuel	Qualification	
 
A major regulatory requirement for reactor licensing is the qualification of the selected fuel type. 
Fuel qualification can be a challenging task for new reactor developers, as a significant data set is 
required to provide adequate confidence in fuel performance. The data can be difficult to acquire, 
as substantial fuel irradiation experience is often necessary. Task 3 of the Argonne/Oklo CRADA 
focused on supporting information for the qualification of a possible fuel choice for the Oklo 
reactor design.  
 
Argonne has substantial experience in the development and utilization of metal fuel forms in 
nuclear reactors. One of the most common metal fuel compositions is U-10Zr, which is a metallic 
uranium fuel with the inclusion of zirconium. The addition of zirconium increases the solidus 
temperature of the fuel, providing additional margin during potential transient event sequences. 
The U.S. has significant U-10Zr fuel irradiation experience (>14,000 fuel pins) in the EBR-II and 
FFTF reactors.  
 
As part of this task, the available data from an EBR-II U-10Zr fuel experiment were analyzed to 
assess fuel performance parameters, which could help support a regulatory fuel qualification 
effort. The metrics assessed included: 
 

• Fuel axial strain: The increase in fuel length during irradiation 
• Fuel diametral stain: The increase in fuel diameter during irradiation 
• Fission gas release: The increase in fission gas release during irradiation  

 
The chosen experiment also allows an assessment of fuel volume increase (fuel swelling) to be 
conducted, which is valuable data for the calculation of internal fuel pin pressures and cladding 
strain/stress. Neutron radiography and additional destructive fuel pin examinations serve as the 
basis for this data. In total, the fuel performance data from 22 fuel elements was assessed to 
provide insight into the behavior of a potential fuel choice for the Oklo reactor design.  
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